The focus of this work is to explore the use of the netted whelk, Nassarius reticulatus (L.), as an indicator of mercury (Hg) contamination, by assessing the concentration of Hg in the sediments and in the whelk along the entire Portuguese coast. Total Hg concentrations ranged from below the detection limit (0.01 ng absolute mercury) up to 0.87 mg kg À1 dry weight (dwt) in sediments and between 0.06 and 1.02 mg kg À1 (dwt) for organisms, with no significant differences between males and females. Although organic mercury was not detected in the sediments, it represented, on average, 52% of the total Hg in the whelk tissues, and as high as 88% in some cases, suggesting mercury accumulation from dietary intake. Significant negative correlations were found between the total Hg concentrations in the sediments and the log 10 of Hg concentrations in whelk tissues males (r = À0.64; P < 0.01) and females (r = À0.52; P < 0.01) indicating that the species is a poor indicator of Hg contamination. Nevertheless, since the highest concentrations of organic mercury in the whelk tissues were found in the least contaminated areas, this species must be highly relevant in the trophic web, namely on the possible biomagnification of mercury. The high dietary mercury accumulation from feeding on carrion and the low bioavailability of mercury to whelks in estuarine sediments may be the basis of the mercury accumulation pattern in N. reticulatus.
Introduction
The contamination of coastal waters by metals and organometals derived from anthropogenic activities has long been a threat to the marine and coastal ecosystems. The accumulation processes of these contaminants in aquatic organisms will determine, in part, the enhancement of their adverse effects on the biota. Estuaries and coastal zones are surveyed frequently as part of the assessment of their environmental quality, since they are particularly impacted by anthropogenic inputs. Such assessments of the chemical and ecological status of the coastal zone require exhaustive and complex studies on different aspects of the interactions between compartments and contaminants, including their chemical speciation. The use of bioindicators has been suggested as a methodology (Saiz-Salinas et al., 1996; Liang et al., 2004; Ugolini et al., 2004; Roméo et al., 2005) that could provide useful monitoring data without requiring a complex set of studies. The trace metal content of organisms has been widely used in biomonitoring programmes of metal pollution in the marine environment, and provides a time-integrated measure of metal availability (Saiz-Salinas et al., 1996) . Although most research in this area has been performed on species of genus Mytilus (Conti and Cecchetti, 2003; Liang et al., 2004; Roméo et al., 2005) , it is important to use other organisms, with broader distributions and different biochemistries, for a more complete assessment of metal contamination in the environment. In the case of mercury, which is a highly deleterious environmental pollutant with recognized mutagenic and teratogenic effects, data on the mechanisms of such effects are very sparse and controversial in the literature (Calderó n et al., 2003; Tchounwou et al., 2003) . Problems derived from mercury contamination are enhanced when it enters the food chain, including human exposure to methylmercury, which is the most toxic form and is subject to biotic bioaccumulation and biomagnification (Mason et al., 1995; Tchounwou et al., 2003) . However, studies specifically focused on mercury contamination are few, despite being one of the most hazardous elements. A few hotspots of mercury contamination are identified along the Portuguese coast, mainly in estuarine ecosystems such as the Tagus (Canário et al., 2003 (Canário et al., , 2005 ) and the Ria de Aveiro (Pereira et al., 1998; Ramalhosa et al., 2005a) , whereas other systems retain nearly pristine conditions when referring to this metal, namely the Douro (Ramalhosa et al., 2005b) or the Mondego (Vale et al., 2002) . Little is known, however, about the levels of mercury contamination in open coastal waters, and its effects on the associated benthic community.
Nassarius reticulatus is an abundant and ubiquitous marine prosobranch gastropod in European coastal waters, which is widely distributed in the Atlantic, the Mediterranean and Black Seas. The general biology and population dynamics of this species is provided by Tallmark (1980) and Fretter and Graham (1984) and the species was first proposed as a bioindicator of tributyltin (TBT) pollution by Stroben et al. (1992) . Subsequently, it has been used in TBT monitoring programmes all over Europe (Oehlmann et al., 1993; Barreiro et al., 2001; Barroso et al., 2000 Barroso et al., , 2002 . Thus, the question arises as to whether N. reticulatus is a suitable bioindicator for monitoring other contaminants, such as mercury, taking into account its wide ranging distribution and resistance to pollution.
Taking the lack of knowledge about mercury contamination in the Portuguese coastal waters into account and the current interest in new bioindicators, the main objective of this work is to assess the level of Hg contamination in the sediments and in the netted whelk N. reticulatus (L.) along the Portuguese coast.
The specific objectives of the current work are: (i) to assess the general level of Hg contamination in sediments along the whole of the Portuguese coastline, which will provide a time referenced basis for monitoring a trend in temporal variation, (ii) to establish whether there is any relationship between the concentration of Hg in the sediments and its concentration in N. reticulatus tissues, (iii) to explore the possible use of N. reticulatus as a indicator of Hg contamination and (iv) to evaluate the potential risks of mercury contamination in N. reticulatus in terms of food web biomagnification.
Materials and methods

Sampling and pre-treatment
Sampling of N. reticulatus was performed from May to July 2000. Forty sampling stations were selected along the Western Portuguese coast (Fig. 1) , including estuaries, covering a distance of approximately 700 km (Fig. 1) . Geographical co-ordinates for each sampling site were determined with a mobile global positioning system (GPS). The specimens were collected by hand on the intertidal shore and with baited hoop nets at sublittoral sites. The animals were maintained in separate aquaria for 3 days to allow intestine and body surface depuration. In order to permit inter-site comparison, a common approach was adopted for selecting individual animals. They were only adult animals, i.e. those presenting white columellar callus and teeth on the outer lip, and were of similar ages and size. The shell height (distance from shell apex to lip of siphonal canal) was measured with vernier callipers to the nearest 0.1 mm. The shells were opened with a bench vice and the individuals were sexed under a stereomicroscope. About 20 females and 20 males were frozen separately at À20°C, after removing the shell and the operculum. Samples were then homogenised, freeze-dried and preserved at À20°C until the Hg analysis was performed.
Surface intertidal sediments (1-2 cm depth) were collected simultaneously from the same sites where N. reticulatus samples were obtained, whereas at sublittoral sites sediments were collected with a van Veen grab. Samples were placed in polyethylene bags and temporarily stored on ice during transport to the laboratory. Once in the laboratory the sediment was sieved through 100 lm polypropylene mesh with water taken from the same locality where the sediments were collected. The sediments were allowed to settle, the supernatant water decanted and the sediments were frozen at À20°C. Samples were later homogenised, freeze-dried and preserved at À20°C prior to Hg analysis.
The total concentration of mercury ( P Hg) in sediments referred in this work was measured in the <100 lm sediment fraction, in order to provide inter-site comparisons. It is assumed that inorganic mercury (Hg inorg ) is equivalent to the difference between total ( P Hg) and organic mercury (Hg org ). Total mercury determinations in the sediments and in the whelks, were carried out on samples of 200-500 mg, accurately weighed into a nickel boat. The samples were dried prior to combustion at 750°C in an oxygen atmosphere. The mercury vapour evolved from the samples was trapped on the surface of a gold amalgamator, which was subsequently heated to 900°C to quantitatively release the mercury. The vapour phase Hg was determined by atomic absorption spectrometry using a silicon detector at 253.6 nm (LECO, AMA-254) (Costley et al., 2000) . Organic mercury determinations in biological tissues were determined on between 200 and 500 mg of dried sample. The samples were digested using a mixture of 18% KBr in 5% H 2 SO 4 , followed by extraction of organic mercury into toluene (Cai et al., 1997) . The extractions were always performed in triplicate. The aqueous fraction, resulting from the addition of a Na 2 S 2 O 3 solution, was then analysed for Hg by thermal decomposition atomic absorption spectrometry with gold amalgamation. The analytical quality of the total and organic mercury determinations was assessed by applying the analytical procedure to standard reference materials TORT-2 (for biological samples), MESS-2 (for total mercury in sediments) and CRM-580 (for organic mercury in sediments). Results for this assessment are summarized in Table 1 .
Results
Mercury concentration in the sediments
The P Hg in the sediments along the Portuguese coast varied from below the detection limit (0.01 ng absolute mercury) up to 0.87 mg kg À1 (dwt) (Fig. 1) . The lowest . The highest concentrations were observed at Leixõ es, an estuarine system that has a major port and receives industrial effluents. At this location it was possible to depict a clear increasing P Hg gradient from the adjacent coastal zone towards the estuarine interior (Stations 9-16). The values of organic mercury in sediments were always below the detection limit, accounting for less than 0.5% of total mercury (calculated from the detection limit of the instrument and the total mercury levels in the sediments).
Mercury concentrations in N. reticulatus
As shown in Table 2 , 75-93% of the P Hg was found in the soft tissues of N. reticulatus, whilst the shell contributed no more than 3% and the operculum up to 22% (only in one location, the others varied from 5% to 9%). The body burden of P Hg in N. reticulatus varied between 0.07 and 1.02 mg kg À1 (dwt) in males and 0.06 and 0.83 mg kg
À1
(dwt) in females along the Portuguese coast (Fig. 1) . It was lower in estuarine systems (from 0.06 to 0.38 mg kg À1 dwt) than in the open coast (from 0.11 to 1.02 mg kg À1 dwt). The body burdens in the two genders were similar across sites (regression equation: males = 0.97 * females; r = 0.96; slopeÕs 95% interval of confidence 0.97 ± 0.1, not statistically different from 1). Significant inverse correlations were obtained between the P Hg sediment concentration and the log 10 P Hg body burden of females (r = À0.52; P < 0.01) ( Fig. 2A) and males (r = À0.64; P < 0.01) (Fig. 2B ).
About 32-88% (mean 52%) of the P Hg was found to be in the Hg org form. Both the log 10 Hg org and the log 10 Hg inorg body burdens were negatively correlated with the P Hg sediment concentration, in females, respectively, r = À0.64, P < 0.01 (Fig. 3A) and r = À0.48, P < 0.02, and for males r = À0.66, P < 0.001 (Fig. 3B) and r = À0.55, P < 0.01. A high similarity of mercury body burden between genders was observed for organic mercury (regression equation: males = 1.10 * females; r = 0.96; slopeÕs 95% interval of confidence 1.10 ± 0.12, not statistically different from 1).
The bioconcentration factor (BCF) was estimated as the ratio of P Hg body burden (dwt) to P Hg sediment concentration. It varied from 0.03 to 4.4 in males and from 0.04 to 4.5 in females and the BCFs for the two genders were not correlated. The BCF was inversely correlated to P Hg sediment concentration on a log 10 -to-log 10 basis for females (r = À0.90, P < 0.01) (Fig. 4A) and males (r = À0.92, P < 0.001) (Fig. 4B) . Std dev = standard deviation; n = number of analyses. ) concentrations for female (A) and male N. reticulatus (B).
Discussion
Most mercury is released into the environment as inorganic mercury, and it is mainly bound to particulate and organic matter (Beckvar et al., 1996) . Sediments are thus of primary importance in mercury accumulation in aquatic environments and represent a major potential reservoir for this element, where it may persist for many decades (Ullrich et al., 2001 ). The current work has shown that the highest levels of P Hg sediment contamination along the Portuguese coast are found in estuaries, probably due to the concentrated local discharges of urban and industrial wastes. The values of mean P Hg in the sediment in these areas was about 4 times higher than those observed at the open coast, where mean concentrations are similar to the reported for pristine, uncontaminated sediments (Ullrich et al., 2001) . As Hg preferentially binds to silt/clay particles and organic matter, which were much more abundant in estuarine than in open coast sediments, the mercury concentrations are potentially higher in estuaries than that reported here for the <100 lm fraction. The determinations of organic mercury in samples in this work were always below the detection limit, confirming the widely accepted idea that inorganic species are the predominant form of mercury in sediments. Methylmercury concentrations in sediments are usually 1-1.5% of total mercury concentrations in freshwater systems and tend to be lower (0.5%) in estuarine and marine environments (Ullrich et al., 2001) .
The recent OSPAR evaluation of Ecotoxicological Assessment Criteria (EACs-which are expressions of biological and/or ecotoxicological risk) (Bignert et al., 2004) , gives the provisional EAC for Hg in sediments in the range 0.05-0.5 mg kg À1 . Most of our results fall in this range, signalling possible biological effects, such as impaired growth and reproduction. Some of the Hg concentrations in the surface sediments are above the upper EAC threshold and long-term biological effects, such as mortality, are indicated.
The concentration of P Hg in N. reticulatus tissues was based in similar proportions of inorganic and organic forms. Of major relevance is the fact that the P Hg concentration of N. reticulatus was higher outside the estuaries and both inorganic and organic mercury body burdens in the animal were inversely correlated with P Hg sediment concentration. No differences were found between males and females, suggesting that mercury uptake and bioaccumulation is independent of differential physiological responses between sexes and reproductory condition, and that bioaccumulation follows a similar pattern irrespective of gender.
The whelk lives on the sediment and frequently burrows in it, which favours the accumulation of Hg inorg from this source. However, it is known that the inorganic mercury is easily taken up by the biota from the sediments but it is also depurated quickly, resulting in a net low accumulation (Beckvar et al., 1996) , which may explain that only half of the mercury body burden is in an inorganic form in the whelk. The negative correlation found between sediments and tissues could eventually be due to the lower bioavailability of Hg to the whelk, particularly inside estuaries. For instance, the presence of sulfides in the sediments may strongly bound the Hg [II] and make it unavailable to the biota (Beckvar et al., 1996) . On the other hand, McGeer et al. (2003) made an extensive literature review regarding the relationship between bioconcentration/bioaccumulation factors and the exposure concentration for metals in aquatic organisms. They reported an accumulation of mercury in molluscs which contrasts with that observed in other phyla, specifically fish and arthropods, since molluscs show a reduction, instead of an increase, in the tissue concentration of Hg as inorganic Hg exposure increases. According to the same authors, this trend also contrasts with the accumulation of other metals by molluscs, which is generally higher for increasing exposure to metals. If this applies to the whelk, it could also explain the negative relationship found between the Hg inorg body burden and the P Hg in the sediments along the Portuguese coast, and hence the negative correlation of bioconcentration factor to sediment contamination.
There is little evidence that molluscs can convert inorganic mercury to organic mercury (Fowler et al., 1978) , thus the Hg org measured in the whelk tissues is primarily accumulated from external sources. The most common form of Hg org in the environment is methylmercury, which is produced by microorganisms in both sediment and water through the methylation of the bivalent mercury (Hg[II]) (Mason et al., 1995; Beckvar et al., 1996; Clark, 2001) . Methylmercury accumulates quickly and depurates very slowly, so that it biomagnifies in higher trophic levels (Mason et al., 1995; Beckvar et al., 1996; Lawson and Mason, 1998) . The whelk is a scavenger, with a preference for detritus among juveniles to carrion among adult snails (Tallmark, 1980; Cheung and Wong, 2001; Cheung et al., 2002) and as a carrion feeder the species may accumulate large quantities of methylmercury from its feeding habit. However, the Hg org concentrations are less than in most adult fish where methylmercury generally represents more than 90% of the Hg body burden (EPA, 2001) . One possible reason for the observed negative correlation between Hg org whelk body burden and the P Hg in the sediments could be the lower bioavailability of Hg in estuaries as reported above. If it is strongly bound to the sediments it will be less available for methylation by biota (Beckvar et al., 1996) . Parks et al. (1989) reported that methylmercury in a freshwater system was inversely related to the inorganic mercury concentrations in the sediments and that methylmercury concentrations in surface water and in fish was highest about 80-100 km downstream from the source, which could be due to a downstream decrease in the sulphide concentration of the sediments. This caused the methylmercury concentration to be inversely correlated with Hg inorg in the sediments, which seems also to occur in the present study. This negative correlation arises important methodological implications for monitoring programmes, since most environmental monitoring occurs in the vicinity of contamination sources, when in fact biotic contamination hotspots may arise hundreds of kilometres away, in more pristine areas, and implicate risks in case of human consumption. Moreover, the adverse effects of episodes of acute mercury discharges will probably emerge with considerable delay in those distant contamination hotspots.
The negative correlation feature seems to be a general trend for mercury, and it has been previously reported for other molluscs (McGeer et al., 2003) and fish (Parks et al., 1989) . Through bioaccumulation and biomagnification processes (mainly of organic forms of mercury) throughout food webs involving molluscs and economically important fish species may retain an excessive mercury load in regions with a low Hg load and highly exploited coastal areas, representing therefore an unexpected risk to human health.
The inverse relationship observed between the Hg contamination in the sediments and in N. reticulatus leads to the conclusion that this species is an unsuitable bioindicator for Hg contamination. Further research is needed to clarify the mechanisms involved in the accumulation of mercury in molluscs and more clearly explain the inverse relationship to environmental concentrations. Monitoring of biotic mercury contamination in coastal waters (mainly in fishing areas) should also be seriously considered, and may prove to be more important than monitoring close to contamination sources, since our results suggest that in fact, dilution of the pollutant concentration is not the solution to biological contamination, at least in the case of mercury.
